Near-bed flow mechanisms of high Reynolds number flows around a marine pipeline close to a flat seabed have been studied using a two-dimensional standard high Reynolds number k- model. The effects of gap to diameter ratio and seabed roughness for a given boundary layer thickness of the inlet flow upstream of the cylinder have been investigated. The vortex shedding mechanisms have been investigated. Mean pressure, mean friction velocity and the resulting mean bedload sediment transport along the bed have been predicted. Overall it appears that for engineering design purposes the present numerical model is suitable for predicting high Reynolds number flows, which are present near the seabed in the real ocean.
Introduction
Marine pipelines are widely used for transporting oil and gas from offshore fields. They are often subject to high Reynolds numbers flow with typical values of O (10 4 ) -O(10 characteristics of steady flow around a horizontal smooth circular cylinder near a fixed horizontal boundary represent an idealized situation of a pipeline near the seabed. The proximity of the pipeline to the seabed affects the flows around the pipeline and along the seabed. Several experimental studies have been carried out to investigate flows at high Reynolds numbers ranging from O (10 4 ) to O (10 5 ) in the subcritical flow regime (see, e.g., Bearman and Zdravkovich [1] , Lei et al. [2] and Wang and Tan [3] ). Bearman and Zdravkovich [1] investigated the influence of G/D on the vortex shedding and its spectral behaviour with an upstream flow of /D = 0.8 at Re ranging from 2.5×10 4 to 4.8×10 4 . Here G is the distance between the bottom of the cylinder and the bed, and δ is the boundary layer thickness of the inlet flow upstream of the cylinder (see fig. 1 for definitions). They measured the distributions of mean pressure around the cylinder and along the bed at Re = 4.8×10 4 . They also showed that the vortex shedding motion behind a circular cylinder close to a flat bed is suppressed at G/D < 0.3. Here the G/D corresponding to the onset of vortex shedding is defined as the critical ratio, G/D c . Lei et al. [2] studied the flow around a smooth circular cylinder immersed in different boundary layer thicknesses (/D = 0.14 -2.89) at Re ranging from 1.31×10 4 to 1.45×10 4 . Their experimental results showed that both drag and lift coefficients strongly depend on G/D, and are affected by /D. They found that the variation of the root-mean-square fluctuating lift coefficient (C Lrms ) can be used to determine the suppression and onset of the vortex shedding. Their observations also showed that the vortex shedding is suppressed at G/D of 0.2-0.3, depending on different δ/D. Wang and Tan [3] studied the near-wake flow characteristics of a circular cylinder close to a flat bed for Re = 1. respectively, acting on the cylinder; andis the fluid density. There is also a limitation of using two-dimensional (2D) models for three-dimensional (3D) flow, as effects from the spanwise secondary flow are not considered in the 2D simulation (see Mittal and Balachandar [7] ). However, the mean pressure and the friction velocity along the bed were predicted reasonably well as compared with the published experimental and numerical results in the subcritical flow regime.
Ong et al. [8] and Catalano et al. [9] presented numerical results on flow around an isolated smooth circular cylinder subject to a steady current at Re ranging from 0.5×10 6 to 4×10 6 by using the standard high Reynolds number k- model. Overall, their results are in satisfactory agreement with published experimental data. To our knowledge, neither numerical nor experimental studies are available in the open literature for flows around a circular cylinder close to a flat seabed beyond the supercritical flow regime (Re > 1×10 6 ). In the present study, the flows at Re = 3. 
Mathematical formulation

Flow model and numerical solution procedure
The 2D URANS equations are solved using a standard high Reynolds number k- model (see Launder and Spalding [10] ) and a Galerkin finite element method with a Segregated Implicit Projection (SIP) solution algorithm proposed by Utnes [11] . This numerical method is 2 nd order both in time and space.
Computational domain, boundary conditions and convergence studies
The computational domain and the boundary conditions imposed for the present simulations are shown in fig. 1 . The size of the whole computational domain is 30D by 10D. The upper boundary is located at a distance varying from 8.5D to 9.4D from the centre of the cylinder depending on the corresponding gap ratio; this ensures that the boundary has no effect on the flow around the cylinder. The flow inlet is located 10D upstream from the centre of the cylinder and the flow outlet is located 20D downstream from the centre of the cylinder. These distances are sufficient to eliminate the far field effects from the flow upstream and downstream of the cylinder. The boundary conditions used for the numerical simulations are as follows: 1.
A boundary layer flow is specified at the inlet (see fig. 1 )
Here Y denotes the wall normal direction starting from the seabed (see fig. 1 ). k is the turbulent kinetic energy.  is the rate of viscous dissipation. u 1 and u 2 are the horizontal and vertical velocities, respectively. C  is one of the standard coefficients in the k- model. The friction velocity is evaluated as u * = U ∞ /ln(z w ), where z w is the roughness of the flat bed, and 0.41 is the von Kármán constant.  is an estimate of the turbulent length scale (see e.g. Brørs [4] ).
2.
Along the outflow boundary, u 1 , u 2 , k and  are specified as free boundary conditions in a finite element context. This means that a traction-free velocity-pressure boundary condition is applied for u 1 , u 2 and P (see Gresho and Sani [12] for details), while the flux is set equal to zero for k and . Along the upper boundary, u 1 , k and  are free, while u 2 is set equal to zero.
3.
No-slip condition is applied on the cylinder surface and the seabed with u 1 = u 2 = 0. 4.
Standard near-wall conditions are applied for k and near the cylinder wall and the bed (see e.g. Rodi [13] ) as
where h p is the normal distance between the first node and the wall, and u * is the wall friction velocity obtained from the logarithmic (log) law.
Here u tan is tangential velocity to the wall, z 0 is the roughness parameter of the cylinder surface and z * is a switch parameter for the wall roughness. A small roughness with z 0 = 1×10 -6 m (i.e. d 50 = 12z 0 = 0.012mm) is used for the cylinder for all the present simulations. This small roughness leads to almost the same results as a smooth logarithmic wall function, but is preferred because of enhanced numerical stability of the simulations. Stretching of the mesh is performed to achieve a fine resolution of the region close to the cylinder surface and the seabed. When the grid is refined, the symmetrical grid elements nearest to the cylinder surface are kept constant. The fig. 4c) , the vortex shedding behind the cylinder continues to develop. The vortex with negative vorticity (clockwise) shed from the upper shear layer, interacts with the clockwise vortex formed by the shear layer from the seabed. These two groups of vortices interact and form a larger vortex. For G/D = 1.0 ( fig. 4d) , the vortices shed from the cylinder are not influenced by the shear layer at the bed. The vortex shedding is similar to the case for flow around an isolated circular cylinder (see Ong et al. [8] , fig. 6 ). Wang and Tan [3] and Lei et al. [14] have observed a similar development of vortex shedding in both their experimental and numerical results at lower Reynolds numbers (i.e. Re < 10 5 ), except that the dependency of G/D c is different. fig. 1 . This is mainly due to the higher magnitude of the velocity at the gap when G/D is small as shown in fig. 6 (which shows the velocity profile at the centre of the gap for G/D = 0.1, 0.4 and 0.8). This feature is similar to the lower Re results (Re = 4.8×10 4 ) reported by Bearman and Zdravkovich [1] and Ong et al. [6] . Fig. 7 shows that the effect of the seabed roughness (with z w = 2×10 -5 m) on C pw is insignificant as compared with the results for z w = 1×10 -6 m. . It is observed that u *wm is higher for the rougher seabed (z w =2×10 -5 m) than that for the less rough seabed (z w = 1×10 -6 m), as expected. Fig. 8 also shows that u *wm at the gap is much higher for G/D = 0.1 than that for G/D = 0.8. This is due to the higher velocity at the gap when G/D is small as shown in fig. 6 .
Vortex shedding and suppression
Mean pressure coefficient and friction force along the flat seabed
An example of bedload sediment transport calculation
The calculation of the bedload sediment transport along the flat seabed is demonstrated in this section. The instantaneous non-dimension bedload sediment transport is a function of the instantaneous non-dimensional seabed shear stress (Shields parameter)  s and is given by (Nielsen [16] 
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( 1)
Here q b is the instantaneous dimensional bedload sediment transport, g = 9.81m/s 2 is the gravitational acceleration and s = 2.65 is the density ratio between the bottom sediments and the water (taken as for quartz sand). The critical Shields parameter  sc = 0.05 must be exceeded for bedload transport to occur. 
Conclusions
Near-bed flow mechanisms of high Reynolds number flows around a marine pipeline close to a flat seabed have been studied using a 2D standard high Reynolds number k- model. The main results are summarized as follows:
1. Suppression and formation of the vortex shedding are influenced by the interaction between three shear layers; two from the top and the bottom of the cylinder and one at the seabed. The vortex shedding is suppressed when the gap is smaller than the critical gap (i.e. corresponding to the onset of vortex shedding). Beyond the critical gap, vortex shedding develops as the gap increases, and becomes fully developed as the influence of the bed diminishes. 2. For the same Reynolds number, inlet boundary layer thickness, seabed roughness and cylinder, the magnitude of negative pressure coefficient at the seabed at the location of the gap increases as the gap becomes smaller.
3. The mean friction velocity at the gap (at the seabed) is much larger for small gaps than for large gaps. This is due to the higher velocities within the gap when the gap is small. As a consequence, the bedload sediment transport is much larger for small gaps than for large gaps. Overall it appears that the present approach is suitable for design purposes at high Reynolds numbers which are present near the seabed in the real ocean. However, experimental data are required in order to perform a more detailed validation study of the model.
